The 3 November 2002 moment magnitude 7.9 Denali fault earthquake generated large permanent surface displacements in Alaska and large amplitude surface waves throughout western North America. We find good agreement between strong ground-motion records integrated to displacement and 1-hertz Global Positioning System (GPS) position estimates collected ~140 kilometers from the earthquake epicenter. One-hertz GPS receivers also detected seismic surface waves 750 to 3800 kilometers from the epicenter, whereas these waves saturated many of the seismic instruments in the same region. Highfrequency GPS increases the dynamic range and frequency bandwidth of ground-motion observations, providing a new tool for studying earthquake processes.
Our understanding of how faults rupture during major earthquakes is limited by our observational capabilities; they also limit our understanding of the resulting ground deformation. Within a distance range of about the same dimension as the fault rupture (the near-field) the surface deformation pattern is comprised of a highly spatially variable permanent strain field generated by permanent displacements across the fault surface (coseismic offsets). These form within tens of seconds and are superimposed on transient deformations generated by oscillating seismic waves that may be observed globally for large earthquakes. Traditionally, accelerometers and seismometers record rapid movements of Earth that occur on time scales of seconds. Accelerometers record the strongest near-field ground motions (measuring accelerations), and seismometers record more distant seismic waves (measuring velocities). GPS receivers, on the other hand, record much slower displacements of Earth that develop over days to years. For example, the slow persistent uplift of a volcanic edifice due to magma influx or motion of tectonic plates can be measured with high-resolution using GPS receivers (1) .
A GPS receiver determines position instantaneously-but imprecisely-by measuring the distance between the receiver and four or more satellites. By tracking the GPS constellation over a 24-hour period, horizontal precisions of 2 to 4 mm can be achieved (2, 3) . While many GPS receivers can operate at 1 to 10 Hz, most geophysicists record measurements at .033 Hz. In the past year, a growing number of continuous operating GPS receivers have increased their recording rates to 1 Hz to support missions in low Earth orbit (e.g., GRACE and CHAMP). Surveyors wanting solutions in real time also operate their receivers at 1 Hz. Here we examine whether 1-Hz GPS receivers can be used to measure near-field deformation and seismic waves radiated by the Denali fault earthquake.
The moment magnitude (M) 7.9 Denali fault earthquake ruptured the Susitna Glacier-Denali-Totschunda fault system on 3 November 2002 (4). This earthquake was complex, with a M7.0 thrust subevent followed by an M7.9 strike-slip event that ruptured to the east. Based on distant seismic recordings, the estimates of fault displacements at depth reach ~12 m. One-Hz GPS receiver data were collected from stations in Fairbanks (FAIR), Anchorage (TSEA) and Skagway (TEM1) in Alaska and from stations in Washington (BREW), Montana (MSOL), Colorado (AMC2), California (GOLD), and Maryland (GODE) (5) (Fig. 1) . One-Hz GPS data are sensitive to the satellite constellation, both its geometry in the sky and the number of satellites in view. If the geometry of the constellation in the sky is poor, one component may be better determined than the other. This is the case with FAIR, the site closest to the epicenter. At the time of the earthquake, the satellites were lined up in a way that leads to precise longitude determinations but poor latitude determinations (Fig. 1, inset) . For comparison, the visible satellites at BREW are also shown. In general, height is more poorly determined by GPS than the horizontal position.
We analyzed and compared the near-field deformation recorded at FAIR with some near-field seismic data. The comparison we make is complicated somewhat by the fact that FAIR is ~20 km from the nearest seismic station and almost 140 km from the epicenter. Accelerograms from Fairbanks (station 8022 at 64.8735 N, 147.8614 W, Kinemetrics K2 instrumentation) were integrated twice to produce displacement time histories. Accelerographs have flat responses to acceleration and are operated primarily to record large-amplitude, high-frequency (1 Hz) accelerations for engineering analyses. Integration to determine a displacement time history, which constrains the coseismic offset at depth, is inherently an under-determined problem and magnifies low frequency noise. Thus, we high-pass filtered the acceleration measurements to remove long-term drift (cutoff period of 40 s) and then constrained the integration to agree with surface coseismic displacements (4) (Fig. 2) .
The 20-km separation between FAIR and seismic instruments and the dispersive nature of the large amplitude seismic surface waves means the two types of records will be out of phase. Nevertheless, the agreement between the records is striking. The difference in noise characteristics of the east and north GPS records, most apparent before the arrival of the seismic signal, reflects the satellite geometry (Fig. 1) . Although there is still a long-period discrepancy between the GPS and seismic data, it is clear from this example that 1-Hz GPS instruments can capture the complete ground-motion time history during large earthquakes, thus providing insights into fundamental fault propagation mechanisms. Moreover they provide a means of measuring static displacement offsets that is less sensitive to noise contamination than seismic data. Accelerometer noise level may be related to the amplitude of the signal. For example, close to the rupture tilting of the ground surface locally beneath the accelerometer may become significant, and the accelerometer cannot distinguish between rotations and linear accelerations. However, close to the rupture the GPS noise level should be the same as at more remote sites, while the signal would increase to about half the fault slip (as much as 4 m for the Denali fault rupture).
Although signals from large earthquakes are now routinely recorded on high dynamic range, broad bandwidth seismometers, the Denali fault earthquake signal amplitudes still exceeded the recording capabilities out to distances of thousands of km (6) . The largest amplitude waves beyond the near-field are dispersive surface waves, with frequencies between about 1 and 0.01 Hz and group velocities of ~1 km/s to 4 km/s. Our comparison of seismic and geodetic records indicates that GPS can be used to measure these seismic waves without the saturation problems of the seismometers. The east and north component records from TEM1, BREW, MSOL, AMC2, and GOLD show displacements beyond the distance of any detectable permanent coseismic deformation (Fig. 3) .
The GPS data record the arrival of surface waves at distances as far as 3800 km (AMC2). Notably, the GPS records at TEM1 are on scale, while the more distant broadband seismic recordings at a seismometer (station DLBC at 58.437 N, 130.027 W) almost 300 km farther from the earthquake epicenter are clipped. Such observations are key for studying focusing due to rupture directivity and dynamic earthquake source processes. Our results, for example, show larger ground motions in the direction of rupture propagation and expected strongest directivity (along a great-circle path roughly through MSOL and AMC2), relative to motions at GOLD that are the same magnitude as the measurement noise. Such observations also are critical for interpreting the pattern of remotely triggered seismicity (7).
Our results demonstrate that GPS provides another important tool for studying earthquakes. Specifically, we show that GPS can resolve displacement changes that vary on time scales of seconds. For several types of measurements key to earthquake studies, GPS offers several advantages over seismic instrumentation. Estimation of earthquake generated coseismic offsets and strain fields require measurement of ground displacements. The processing required to estimate these from seismic data inherently enhances noise. In GPS, displacements are the basic measurement and thus, estimates do not suffer from this noise source. In addition, seismic wave amplitudes vary over many orders of magnitude and although the dynamic ranges of the best seismometers can capture most of these, many saturate for the largest-and most interesting-earthquakes. The accuracy of GPS data actually improves as the magnitude increases and there is no saturation. Ultimately quantitative assessment of the accuracy of both seismic and GPS measurements will require data recorded at the same location. Of the sites shown in Fig. 3 , only GOLD has a nearby seismometer (station GSC, at 35.302 N, 116.806 W, ~15 km from GOLD). Even though the signal is smallest at GOLD, there is still striking agreement between the seismic and GPS data ( fig. S2 ). At larger distances it becomes difficult to separate differences in waveforms associated with local geologic structure and radiation pattern from those due to measurement imprecision.
These results also suggest an interesting, although not yet realized, possibility for measuring temporally and spatially rapidly varying strains associated with seismic waves, which can cause ground failure and certain types of structural damage. Differenced displacement data recorded by highsample-rate GPS receivers deployed as arrays with apertures of the order of hundreds of meters or less (fractions of seismic wavelengths) would provide direct strain measurements. These could be deployed both in the field for studies of earthquake processes and within built structures for engineering studies. Attempts to make such measurements using integrated seismic array data suffered from noise enhancement associated with integration and from the limited bandwidth of most seismic instrumentation (8) .
Another advantage to using GPS instrumentation to augment seismic arrays is cost. The cost of a geodetic quality GPS receiver does not depend on the sample rate. All continuously operating GPS receivers in the United States could be run at 1 Hz; the only additional cost is for transmitting and archiving the data. The NSF Earthscope initiative (9) proposes to add about 800 GPS receivers to the western United States. This study strongly suggests that they be operated at 1 Hz. Finally, the resolution of high-frequency GPS has not been fully examined. It would be extremely useful to study GPS capabilities in the 1-to 10-Hz frequency band.
JPL (section 335), CDDIS, SOPAC, and UNAVCO Inc. provided significant infrastructure support for this study. . This is consistent with the generally larger amplitudes on the components oriented closest to perpendicular to the rupture strike (e.g., the east component at MSOL). Vertical position estimates are also available ( fig. S1 ). 
